There is now increasing evidence that myosin motor proteins, together with the dynamic actin filament machinery and associated adhesion proteins, play crucial roles in the events leading to motility at the leading edge of migrating cells. Myosins exist as a large superfamily of diverse ATP-dependent motors, and in the present review, we focus on the unique minus-end-directed myosin VI, briefly discussing its potential functions in cell motility.
Introduction
Cell migration is a fundamental cellular process crucial for embryonic development, tissue repair, immune response and many other cellular functions. In addition, changes in the motile behaviour of cells are associated with many pathological processes such as tumour metastasis, arteriosclerosis and arthritis. Cellular locomotion involves a complex sequence of events co-ordinating cell polarization, the formation of extended protrusions in the direction of migration, the assembly of stable adhesions and actin-myosin structures at the leading edge, as well as the disassembly of focal adhesions and retraction at the rear end of the cell [1] . The direction of movement is determined by the leading edge of the cell containing actin-based membrane protrusions such as broad lamellipodia and finger-like filopodia [2] . The formation of these plasma membrane extensions is closely regulated by two different subclasses of Rho-GTPases, Rac and Cdc42 (cell division cycle 42) [3] . The downstream targets of Rac and Cdc42 are WASP (Wiskott-Aldrich syndrome protein) and WAVE (WASP verprolin homologous), which activate the Arp2/3 complex (actin-related protein 2/3 complex) and thereby trigger actin polymerization and the formation of branched actin networks found in lamellipodia [4] . The spatial and temporal co-ordination of actin polymerization and the formation of stable contacts with the underlying substrate are believed to generate force to push the plasma membrane forward. In addition, a number of actin-based motor proteins called myosins are also present in the plasma membrane protrusions, and there is now increasing evidence that they play essential roles in cell migration [5] . These myosins comprise a diverse superfamily of motors that use the energy derived from ATP hydrolysis to generate force by moving actin filaments. Therefore, to understand how cells move, it is important to establish the contributions that myosins make at the leading edge of motile cells. In
Intracellular functions of myosin VI
In the superfamily of actin-based motor proteins, myosin VI appears to have unique cellular properties and functions, because it moves towards the minus end of actin filaments, in the opposite direction to all other myosins so far characterized [6] . Myosin VI has the basic myosin domain organization with an N-terminal motor domain, a short-neck 'lever arm' region with a single IQ (Ile-Gln) motif that binds calmodulin, a central tail region and a C-terminal cargo-binding domain. In addition, myosin VI has a unique insert (the reverse gear) between the motor domain and lever arm that is responsible for its retrograde movement along actin filaments.
Myosin VI was first identified in Drosophila in 1992 [7] and has since been shown to be ubiquitously expressed in multicellular organisms [7a] . In Drosophila, myosin VI has a wide variety of functions; for example, it is involved in membrane remodelling during embryogenesis [8, 9] , in border cell migration in the ovary [10] , in asymmetric protein localization in neuroblasts during cell division [11] and in epithelial cell morphogenesis [12] , as well as spermatid individualization [13, 14] . In mammalian cells, myosin VI is intimately involved in membrane trafficking pathways and has been localized to endocytic and exocytic membrane compartments such as the trans-Golgi network, the recycling compartment, clathrincoated pits and vesicles, and internalized uncoated endocytic structures [15] . Functional studies have demonstrated that myosin VI is required for steady-state organization of the Golgi complex [16] , for post-Golgi membrane traffic [17] and for sorting of transmembrane proteins to the basolateral domain in polarized epithelial cells [18] . Myosin VI also functions in clathrin-mediated endocytosis [19] and mediates delivery of endocytosed cargoes to the recycling compartment [20, 21] . In cells undergoing cytokinesis, myosin VI is required for membrane delivery into the cleavage furrow in the final stages of cell-cell abscission [22] . These diverse roles of myosin VI are mediated by interaction with a range of distinct binding partners that have been identified ➊ The localization of myosin VI in the perinuclear region at or around the Golgi complex and its function in the secretory pathway suggests that it might regulate the delivery of newly synthesized adhesion or signalling receptors from the trans-Golgi network into the leading edge. ➋ At the plasma membrane and in endosomes, myosin VI might participate in cell-adhesion receptor endocytosis and recycling. ➌ At the leading edge, myosin VI could provide a protrusion force by moving towards the minus end of actin filaments and, while binding to stationary cell-adhesion receptors, it could move the polymerizing actin filaments towards the membrane and thus enhance a protrusion. ➍ Also at the front of the moving cell, myosin VI may recruit Arp2/3 or upstream signalling molecules such as a Rac-activating factor or Rac itself into the leading edge.
by yeast two-hybrid screens and mass spectrometric analysis of immunoprecipitated myosin VI complexes and confirmed by direct binding assays. For example, targeting of myosin VI to clathrin-coated structures at the plasma membrane requires binding to Dab2 (disabled-2) [23] and the phosphoinositide PtdInsP 2 [24] , whereas myosin VI function in the later endocytic and recycling pathway involves binding partners such as the glucose transporter-binding protein GIPC [GAIP (G α -interacting protein)-interacting protein C-terminus] [25] and the serine/threonine transmembrane protein kinase LMTK2 (lemur tyrosine kinase 2) [20] . Recruitment of myosin VI to the Golgi complex is mediated by optineurin [17] , whereas the interacting proteins T6BP [Traf6 (tumour-necrosis-factor-receptor-associated factor 6)-binding protein] and NDP52 (nuclear dot protein 52), link myosin VI to vesicles in the perinuclear region of the cell [26] .
Myosin VI in cancer cell migration
A number of studies have demonstrated that myosin VI is dramatically overexpressed in prostate and ovarian cancer cells, and it has been suggested that it causes an increase in the motility of these tumour cells [27, 28] . Changes in cell motility are a prerequisite for cancer cells to migrate from the primary site into surrounding tissues to disseminate and to metastasize. To date, the best-studied example of the role of myosin VI in cell motility is in the migration of border cells in Drosophila ovaries [10] , which has also served as a paradigm for cancer cell invasion [29] . Initially, border cells are a subgroup of polarized follicle epithelial cells with apical and basolateral domains divided by cell-cell junctions. However, when they separate from the epithelium and start migrating, their cell polarity changes from apical/basolateral to planar with a leading and trailing edge, and the cell-cell junction proteins reorganize at the leading edge to facilitate cell movement. At the start of border cell migration, myosin VI is recruited into and is required for the formation of extensions at the leading edge of the cell, and if myosin VI is lacking, these protrusions are lost and border cell movement ceases. In these cells, myosin VI was isolated in a complex with the adhesion proteins E-cadherin and β-catenin. So one possible model could be that myosin VI by binding to these stationary adhesion complexes in the plasma membrane could develop a protrusive force by pushing actin filaments outwards, while moving itself towards the minus end of actin filaments away from the plasma membrane. A number of high-grade ovarian cancer cell lines express an excess of myosin VI compared with normal ovarian tissues [28] . Myosin VI overexpression is clearly linked to an increase in migration in aggressive ovarian tumours, since loss of myosin VI from ovarian carcinoma cells reduces cell spreading and migration in vitro and ovarian tumour dissemination in vivo. A connection between myosin VI and cancer cell migration has also been established for prostate cancer tissues [27] . Gene expression microarray analysis of cancerous prostate tissues from 240 patients have identified myosin VI as one of the genes most highly and consistently overexpressed. Also in prostate cancer, the overexpressed myosin VI may stimulate the motility and invasive capability of these cells, since loss of myosin VI from prostate cancer cell lines decreases their migration in vitro.
Molecular function of myosin VI in cell migration?
Although myosin VI is clearly required for cell migration in cancer cells, further work is needed to understand the molecular mechanism and regulation of myosin VI function in cell motility in mammalian cells (Figure 1) . So, in the following sections, we discuss briefly what is known about the molecular role of myosin VI and how it might function in cell migration.
Is myosin VI required for maintenance of cell polarity and cell-cell contact sites?
In both mammalian and Drosophila cells, it has been shown that myosin VI has a role in cadherin-based cell-cell adhesion and migration. The cadherin family of proteins regulate cell-cell adhesion during embryonic development and in adult tissues and defects in cadherin expression and function are characteristic of many cancers [30] . In the early stages of cancer development, an increase in cell migration is accompanied by a change in polarity from apical/basolateral to planar and a reorganization of cell-cell contact sites [31] . As described above, in migrating Drosophila border cells, myosin VI binds and stabilizes E-cadherin and β-catenin complexes and promotes E-cadherin-dependent cell-based migration [10] . During early Drosophila embryogenesis, myosin VI is crucial for maintenance of cell-cell contacts during dorsal closure [12] . During this process when the epithelial cell layer moves across the amnioserosa, myosin VI is recruited into filopodia and lamellipodia at the leading edge of the moving epithelial sheets. The absence of myosin VI leads to detachment of the cells from the epithelial cell layer and results in defects in movement of this epithelial cell layer.
In mammalian epithelial cells, myosin VI has been shown to regulate the maturation of cadherin-dependent cell-cell contacts during polarization [32] . Myosin VI can be isolated from these cells in a complex together with E-cadherin and vinculin, an actin-binding protein that connects adhesion receptors to the actin cytoskeleton. Depletion of myosin VI from these epithelial cells leads to a loss of vinculin from adhesion sites and a weakening of the cadherin adhesion complex and its attachment to the underlying actin belt, and this results in a loss of cohesive forces in the epithelial layers, a prerequisite for invasive cancer cell migration.
Does myosin VI's involvement in the endocytic and recycling pathways play a role in regulating the polarized distribution of cell adhesion molecules at the leading edge?
During cell migration, extracellular matrix receptors such as the integrins are selectively inserted into the leading edge of the cell to form adhesion complexes with the underlying substrate. Substrate adhesion coupled to a protrusive force at the leading edge is then believed to move the cell forward [33] . The temporal and spatial organization of adhesion receptors at the leading edge are tightly controlled by cycles of polarized receptor endocytosis, and recycling and inhibition of endosomal trafficking or recycling disrupts cell polarity and directed migration [34] . We have demonstrated previously that myosin VI has important roles in the endocytic and recycling pathways [21] , and recent work has shown that myosin VI and its interacting protein GIPC are involved in the endocytosis of activated α5β1 integrin, thereby clearly linking myosin VI directly to focal adhesion turnover [35] .
Is myosin VI required for delivery of transmembrane receptors and extracellular matrix proteases from the Golgi complex to the plasma membrane?
Selective delivery of transmembrane proteins to the leading edge of the cell can also be accomplished by transport of newly synthesized adhesion or signalling receptors in the anterograde secretion pathway from the trans-Golgi network into the lamellipodium [36] . They would replace receptors that have been degraded or left behind still attached to the substrate. This localized delivery of signalling and adhesion receptors would support Rac activation and reorganization of the actin cytoskeleton network at the leading edge of the cell. In addition, in cancer tissues, the secretion of proteases, which modify the extracellular matrix, or the secretion of growth factors and their receptors, could facilitate the migration of cancer cells so as to invade and metastasize [31] . We have shown that myosin VI plays an important role in constitutive secretion for delivery of cargo from the Golgi complex to the plasma membrane and identified optineurin as the adaptor protein linking myosin VI to the Golgi complex and its function in this secretory pathway [17] . Further work, however, is needed to establish whether the involvement of myosin VI and optineurin in this secretory pathway are linked to myosin VI's role in cell migration.
Does myosin VI regulate actin filament dynamics at the leading edge of motile cells in analogy to its reported function in the Drosophila sperm individualization process?
Directed migration of a cell depends initially on Rac activation at the leading edge, which then activates the WASP and WAVE family of proteins and thereby triggers Arp2/3-mediated polymerization of actin filaments that drive plasma membrane protrusions [4] . During spermatogenesis in Drosophila testes, myosin VI has been linked to Arp2/3-dependent regulation of actin filament branching [37] . In the testes, cellular reorganization during sperm individualization separates a cyst of 64 syncytial spermatids into individual cells each surrounded by a single membrane. This membrane-remodelling process is driven by an actin growth cone, which moves from the spermatid heads down to their tails. The front of the actin cone is composed of an Arp2/3-dependent meshwork of actin filaments, whereas the rear end of the cone contains the actinbundling proteins villin and fascin, which generate a parallel array of actin filaments. The actin network of the individualization cone shares certain features with a lamellipodium at the leading edge of a migrating cell; however, the direction of actin polymerization and filament orientation are reversed. In the lamellipodia, the fast polymerizing barbed ends of actin filaments face outward towards the plasma membrane, whereas in the Drosophila growth cone, the opposite pointed ends of the actin filaments face outwards. As expected for a reverse motor, myosin VI accumulates at the front of the growth cone containing the pointed ends of the actin filaments. The loss of myosin VI from Drosophila testis leads to a loss of actin filaments as well as actin-regulatory proteins such as cortactin and Arp2/3 from the growth cone and consequently leads to defects in sperm individualization. These observations suggest that myosin VI may regulate actin dynamics in Drosophila testes by either tethering cortactin and Arp2/3 directly in the actin cone or by recruiting into the front part of the actin cone signalling molecules that activate the Arp2/3 complex, such as a Rac-activating factor or Rac itself [37, 38] .
In mammalian cells, myosin VI is linked to regions of the cells characterized by highly dynamic actin remodelling. Myosin VI is recruited into membrane ruffles at the leading edge of human epidermoid carcinoma cells (A431) that have been induced to ruffle by EGF (epidermal growth factor). EGF stimulation leads to a 4-fold increase in the level of myosin VI phosphorylation in the motor domain [39] . In vitro results suggest that PAK (p21-activated kinase), which is a downstream effector of Rac and has been shown to be important for cell motility in mammalian cells [40] , may be responsible for phosphorylation of myosin VI in vivo at a threonine residue (Thr 405 ) within the actin-binding region in the motor domain [39] . Phosphorylation at the threonine residue in the corresponding position in Acanthamoeba myosins IA and IB regulates their actin-activated ATPase activities [41] ; however, whether phosphorylation at this site regulates myosin VI activity in vivo still needs to be established.
In conclusion, the dual roles of myosin VI in the maintenance of cadherin-containing cell-cell contacts and in integrin receptor recycling might co-ordinate the epithelialmesenchymal transition (loss of cell-cell contact) with the initiation of integrin-dependent cell migration. In addition, the reported association of myosin VI with membrane ruffles and with the machinery involved in regulating actin polymerization suggests that myosin VI may play a central role in co-ordinating various aspects of the complex process of cell migration. Obviously, further work is needed to establish whether a single or a series of overlapping myosin VI functions are required for cell migration. In addition, although ample evidence supports a role for myosin VI in cell migration, detailed studies are needed to elucidate the exact molecular mechanisms and interacting proteins involved in myosin VI-dependent protrusion and ruffle formation.
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